Aims/hypothesis Attempts to use an alternative source of islets to restore glucose homeostasis in diabetic patients require preclinical islet xenotransplantation models to be tested. These models raise questions about metabolic compatibility between species and the most appropriate metabolic parameters to be used to monitor graft function. The present study investigated and compared relevant gluco-metabolic parameters in pigs, monkeys and the pig-to-monkey islet transplantation model to gain insight into the potential clinical outcome of pig-to-human islet transplantation. Methods Basal and IVGTT-stimulated blood glucose, Cpeptide, insulin and glucagon levels were assessed in nondiabetic pigs and monkeys. The same parameters were used to evaluate the performance of porcine islet xenografts in diabetic monkeys. Results Non-diabetic cynomolgus monkeys showed lower levels of fasting and stimulated blood glucose but higher levels of C-peptide and insulin than non-diabetic pigs. The reported levels in humans lie between those of monkeys and pigs, and differences in metabolic parameters between pigs and humans appear to be smaller than those between pigs and cynomolgus monkeys. The transplantation data indicated that the degree of graft function (evaluated by the measurement of C-peptide levels) necessary to normalise blood glucose in the recipient was determined by the recipient levels rather than by the donor levels. Conclusions/interpretation The differences between donor and recipient species may affect the transplantation outcome and need to be considered when assessing graft function in xenotransplantation models. Given the differences between monkeys and humans as potential recipients of pig islets, it should be easier to reach glucose homeostasis in pig-to-human than in pig-to-non-human primate islet xenotransplantation.
Introduction
Despite the partial success of clinical islet allotransplantation in long-term follow-up, patients with type 1 diabetes may benefit from islet cell replacement therapy [1] . If less aggressive yet effective immunosuppressive protocols were found, islet transplantation could become a valid therapeutic alternative to insulin injections. The source of human islets for transplantation, however, remains limited. The use of animal islets, such as from the pig, offers a possible alternative that deserves consideration. As a preclinical experimental model, pig islet transplantation in non-human primate recipients is currently under investigation by different groups [2] [3] [4] .
Intraportal injection of porcine islets, as recently reported by the groups of Larsen and Hering, allows a period of insulin independence in immunosuppressed diabetic monkey recipients [2, 3] . This model represents a good prototype to study the immunological aspects of islet xenotransplantation. However, as islet recipients, monkeys, in particular cynomolgus monkeys (Macaca fascicularis), display metabolic peculiarities which are only partially characterised [5] [6] [7] [8] . Pigs, as a source of islet grafts, show a metabolic performance in vivo and in vitro which differs dramatically from that of monkeys [9] [10] [11] . These differences should be taken into consideration when engaging in xenotransplantation studies.
Successful pig-to-monkey islet xenotransplantation makes it possible to investigate how these differences influence the glucose metabolism of this combined model and to directly assess the behaviour of islets characterised by different functionalities within their physiological environment.
The aims of the present study were to define the metabolic compatibility between pigs and cynomolgus monkeys, to determine how it influences the pig-to-monkey islet transplantation model, and, more importantly, to help predict the performance of the islet graft based on the recipient's metabolic demand. Our data suggest that xenogeneic pig-to-human grafting has greater potential for success than pig-to-cynomolgus monkey grafting.
Methods
Animals Twenty healthy male cynomolgus monkeys (Macaca fascicularis; Spring Scientific, Perkasie, PA, USA), 2-4 years of age and weighing 2.4-4.7 kg (median 3.6 kg), were studied. Catheters were placed into the jugular vein, carotid artery and stomach.
Seven wild-type outbred Large White female pigs (Wally Whippo, Enon Valley, PA, USA), 2-3 months of age and weighing 12-35 kg (median 24 kg) were used for metabolic studies. Two jugular vein catheters were placed for blood withdrawal and drug infusion.
For islet isolation we used pancreases from wild-type large white adult female pigs (Wally Whippo) and adult female pigs that were double-knockouts for GGTA1, which encodes α1, 3-galactosyltransferase gene (GGTA1-DKO pigs; Revivicor, Blacksburg, VA, USA) [12] , all weighing >180 kg.
All procedures were in accordance with the Principles of Laboratory Animal Care (National Society for Medical  Research) and the Guide for the Care and Use of  Laboratory Animals (NIH publication No. 86-23, revised  1985) , and were approved by the University of Pittsburgh Animal Care and Use Committee.
Metabolic parameters Blood glucose (mmol/l) was measured in whole blood with a portable glucometer (Freestyle; Abbott Laboratories, Abbott Park, IL, USA). Serum levels of porcine and primate C-peptide (nmol/l) were measured by radioimmunoassay (Linco Research, St Charles, MO, USA) using species-specific antibodies. Aprotinin 0.05 kIU/l (Trasylol; Bayer Pharmaceuticals, West Haven, CT, USA) was added at the time of sampling. Primate and porcine insulin levels (pmol/l) in plasma or serum were measured by ELISA using species-specific assays (Mercodia, Uppsala, Sweden). Glucagon (pmol/l) was measured in serum by radioimmunoassay (Linco Research).
To summarise the metabolic status of each monkey before induction of diabetes, after induction of diabetes, and after islet transplantation until euthanasia or until vascular catheters were removed (8-120 days after transplantation), we recorded (1) mean blood glucose (mmol/l); (2) the prevalence of blood glucose readings >11.1 mmol/l (%); (3) the mean exogenous insulin requirement (IU kg
); and (4) mean porcine C-peptide levels.
Intravenous glucose tolerance test After an overnight fast, 0.5 g/kg of a 25% dextrose solution was infused i.v. over 1 min. Blood glucose was measured in the monkeys before and 2, 5, 15, 30, 60 and 90 min after infusion. Insulin, Cpeptide and glucagon were measured before and 5, 15 and 90 min after infusion. In the pigs, blood glucose, C-peptide, insulin and glucagon were measured before and 5, 15, 30, 60 and 120 min after glucose infusion.
IVGTTs were performed in seven non-diabetic monkeys, five diabetic monkeys, four diabetic monkey recipients of functional porcine islet grafts, and seven non-diabetic pigs. The glucose disappearance rate (K G ), which represents the log-linear (ln) decline in the glucose level during the first 30 min of the IVGTT, was calculated using the following formula [13] :
The mean of the ratios between C-peptide and insulin values at 5 and 15 min was expressed as a fold increase over the prechallenge value (time 0).
Oral glucose tolerance test Tests were performed in eight non-diabetic and two diabetic monkeys. After an overnight fast, 2 g/kg of glucose in a 50% dextrose solution was administered through the indwelling gastric catheter. Blood glucose was measured before and 15, 30, 60 and 90 min after the infusion. Primate C-peptide, insulin and glucagon were measured before and 15, 30, and 90 min after glucose infusion.
Arginine stimulation test Arginine stimulation tests (ASTs) were performed in seven non-diabetic and seven diabetic monkeys. After an overnight fast, 70 mg/kg of 10% arginine solution (Pharmacia & Upjohn Company, Kalamazoo, MI, USA) was administered and i.v. samples were drawn before and 2, 3, 4 and 5 min after the infusion for measurement of blood glucose, C-peptide, insulin and glucagon levels. The acute insulin response (AIR Arg ) and the acute C-peptide response (ACR Arg ) after the arginine stimulus were calculated as the difference between the mean at 2, 3, 4 and 5 min after stimulus and the corresponding prechallenge value of C-peptide and insulin [14, 15] .
Mixed meal test Mixed meal tests (MMTs) were performed in three non-diabetic and three diabetic monkeys. After an overnight fast, a mixed meal (four Purina biscuits + half an apple [carbohydrate 30 g, fat 4 g, protein 6 g]) was administered orally, and serum samples were taken before and 60 and 120 min after the meal for determination of blood glucose, C-peptide, insulin and glucagon levels.
Induction of diabetes Diabetes was induced in ten monkeys by i.v. injection of streptozotocin 125-150 mg/kg (Zanosar; Sicor Pharmaceuticals, Irvine, CA, USA) in a single dose, as described in [16] .
Diabetes was confirmed by persistent hyperglycaemia (>11.1 mmol/l on at least two occasions) and by the need for insulin to prevent ketosis [17] . IVGTTs, OGTTs, ASTs and MMTs were performed 8-35 days (median 11 days) after induction of diabetes. Immunohistochemical analyses of pancreatic sections from four diabetic monkeys showed <1% of insulin-positive cells compared with ∼70% of insulin-positive cells in healthy controls, as reported previously [16] .
Diabetic monkeys were treated by continuous i.v. infusion of insulin (Humulin R; Eli Lilly, Indianapolis, IN, USA) to maintain the blood glucose level <11.1 mmol/l and to prevent the development of ketosis. Insulin therapy was stopped 1.5 h before stimulation tests.
Porcine islet isolation and transplantation into monkeys
Nine monkeys underwent porcine islet transplantation. Porcine islets were isolated and purified according to a standard procedure that involved low enzyme concentration, low digestion temperature and minimal mechanical digestion [18] . The overall quality of the islet preparations was evaluated as described in [18] : viability was >95%, purity 82.1±4.5% (n=5) islets/whole tissue, and the mean stimulation index was 4.6±1.7 (n=5). A total of 40,000-100,000 islet equivalents (IEq)/kg was infused into the portal vein under direct vision at laparotomy under general anaesthesia. Transplantation was performed at least 2 weeks after diabetes induction (range 15-71 days, median 22 days). Insulin infusion was discontinued 2 h before islet infusion. In three monkeys (monkeys 8, 9 and 10), insulin was administered at 0.03-0.06 IU kg Islet graft function was monitored by measuring porcine C-peptide. An IVGTT was also performed in monkeys that showed an improvement in metabolic control 2 weeks after transplantation or when the clinical condition of the animal allowed it (range 14-45 days after transplantation, median 27 days).
Statistical analyses Experimental data are presented as means±SE. Human data obtained from the literature are presented as the range of values or mean of the published data [19, 20] . Student's t test was used to compare means. For ease of comparison, human data obtained from the literature are reported in the "Results" section rather than in the "Discussion".
Results
Comparison of metabolic parameters between non-diabetic monkeys and pigs Fasting blood glucose, C-peptide, insulin and glucagon values in monkeys, pigs and humans are presented in Table 1 . Blood glucose in fasting non-diabetic monkeys ranged from 2.2 to 4.1 mmol/l and was significantly lower than the corresponding values in pigs (4.0-5.2 mmol/l; p<0.001). Mean serum C-peptide and insulin values in monkeys were ten times higher than in pigs (C-peptide, 1.39±0.09 nmol/l in monkeys vs 0.16± 0.04 nmol/l in pigs, p<0.001; insulin, 109±11 pmol/l in monkeys vs 9±1 pmol/l in pigs, p=0.01). Fasting glucagon values were significantly higher (p=0.001) in monkeys (18.7-179.4 pmol/l) compared with pigs (11.3-13.8 pmol/l).
The data for healthy monkeys were also compared with the human data to better characterise similarities and differences that may help in predicting the metabolic performance of pig islets if considered for xenotransplantation in humans, even though the comparisons are limited by the difference in the testing conditions. Human fasting blood glucose values (Table 1) [20] appeared to be higher than those in monkeys, even after correction for the type of sample tested (i.e. whole blood in monkeys and plasma in humans) [21] [22] [23] . Human C-peptide [19] were consistently lower than monkey C-peptide levels and resembled the values seen in the pigs. The range of human glucagon levels [19] was lower than that in the monkeys, and again more closely resembled levels in the pigs. Figure 1 shows the differences in blood glucose, Cpeptide, insulin and glucagon values between monkeys and pigs after an i.v. glucose stimulus. Elicited insulin secretion was able to reduce blood glucose values in both monkeys and pigs (Fig. 1a) ); p=0.04]. As expected, the absolute C-peptide and insulin-stimulated values were higher in monkeys (mean at 5 min: C-peptide 3.12±0.55 nmol/l, insulin 706±164 pmol/l) than in pigs (mean at 5 min: C-peptide 0.46±0.03 nmol/l, insulin 25±6 pmol/l; Fig. 1b,c) .
Nevertheless, the fold increases in C-peptide between time 0 and 5 min and between time 0 and 15 min were [19] Data are ranges, with means±SE and number of measurements in parentheses. Human data were obtained from the literature and were measured in venous plasma [19, 20] . C-peptide, insulin and glucagon levels in monkeys were significantly higher than corresponding levels in the pig, while blood glucose levels in monkeys were significantly lower than those in pigs (monkey vs pig, a p<0.001; b p=0.021) Fig. 1 Comparison of metabolic parameters during IVGTT between healthy non-diabetic monkeys and pigs. Mean±SE of blood glucose (a), C-peptide (b), insulin (c) and glucagon (d) during an IVGTT in non-diabetic monkeys (solid lines) and non-diabetic pigs (broken lines). (The SE is too small to be seen in the figure if below 10% of the mean value). Blood glucose concentrations decreased faster in monkeys than in pigs. The C-peptide and insulin concentrations after the stimulus were significantly higher in monkeys than in pigs respectively 3.2±0.5 and 3.9±0.7 in pigs, 2.4±0.8 and 2.9± 1.2 in monkeys (Fig. 1b) . The fold increases in insulin between time 0 and 5 min and between time 0 and 15 min were 3.5±0.7 and 2.9±0.7 in pigs, 5.6±1.8 and 4.8±2.1 in monkeys (Fig. 1c) . Published data on IVGTTs performed in humans after i.v. injection of glucose at 0.3 or 0.5 g/kg showed C-peptide and insulin levels intermediate between those of pigs and monkeys. The fold increases between time 0 and 5 min and between time 0 and 15 min were (range) 2.5-3.5 and 2.1-3.0 respectively for C-peptide and 6.3-11.4 and 4.0-5.0 for insulin [24] [25] [26] [27] [28] [29] [30] .
In both monkeys and pigs, glucagon fell after the stimulus (Fig. 1d) ; the fall was more pronounced in monkeys than in pigs.
Comparison of metabolic parameters between non-diabetic and diabetic monkeys The metabolic profile of the streptozotocin-treated monkeys was compared with that obtained before streptozotocin treatment. As expected, during the IVGTT the peak glucose concentration was significantly higher (p=0.03, 2 min after glucose infusion) in diabetic monkeys than in non-diabetic monkeys (Fig. 2a) . Thereafter, the glucose levels decreased at a slower rate in diabetic than in non-diabetic monkeys, as shown by the lower K G (mean 1.01±0.12 mmol l −1 min −1 , p<0.001). The Cpeptide increase, seen in non-diabetic monkeys, was absent in diabetic monkeys, with a slight fall 5 and 15 min after the glucose stimulus (Fig. 2b) . During the OGTT in non-diabetic monkeys, the increase in blood glucose was minimal (mean 4.3±0.4 mmol/l at 15 min), whereas blood glucose continued to rise in diabetic monkeys (Fig. 2c) . In the non-diabetic monkeys, C-peptide (Fig. 2d) and insulin (not shown) reached a maximum at 30 min (C-peptide 2.71±0.45 nmol/l, insulin 571±158 pmol/l), whereas there was no significant increase in diabetic monkeys. From the literature, C-peptide and insulin concentrations following stimulation in non-diabetic humans [31] are not very different from those detected in non-diabetic monkeys. In non-diabetic monkeys, the glucagon response was the mirror image of the C-peptide and insulin responses, with the lowest point at 30 min (25.1± 9.2 pmol/l; not shown).
During the AST in non-diabetic monkeys (Fig. 2e,f) , blood glucose remained stable while C-peptide (as insulin and glucagon) values rose at 2 min and then returned to prestimulus values at 5 min. The AIR Arg ranged from 57 to 328 pmol/l and the ACR Arg ranged from 0.20 to 0.89 nmol/l. Published data show that the human AIR Arg is higher than the monkey AIR Arg , whereas ACR Arg is similar to that in monkeys; however, the absolute basal and stimulated values are lower in humans than in monkeys [15, 32, 33] . In diabetic monkeys during the AST, blood glucose remained stable at approximately 13.9 mmol/l and C-peptide showed no response (ACR Arg −0.40-0.02 nmol/l).
During the MMT (Fig. 2g,h ), in non-diabetic monkeys blood glucose was stable and C-peptide and insulin (not shown) rose slowly, with a peak 120 min after the meal (3.39±0.97 nmol/l and 611±253 pmol/l, respectively). In diabetic monkeys, blood glucose rose to its highest value (24.5±2.0 mmol/l) 120 min after the meal. No increase in monkey C-peptide was seen. In non-diabetic humans, data from the literature show that mean insulin and C-peptide values after meals increase but correspond to lower values in non-diabetic monkeys [31, 33, 34] . Fig. 2 Comparison of metabolic parameters between non-diabetic and diabetic monkeys. Mean±SE of blood glucose levels (a, c, e, g) and primate C-peptide levels (b, d, f, h) during IVGTT (a, b), OGTT (c, d), AST (e, f) and MMT (g, h) in non-diabetic (solid lines) and diabetic (broken lines) monkeys. (SE was not calculated when fewer than three measurements were available). The primate C-peptide response to physiological stimuli was completely abolished in diabetic monkeys, and this was associated with a prolonged increase in the blood glucose level In summary, following streptozotocin treatment in monkeys blood glucose levels increased above 15 mmol/l and fasting levels of endogenous C-peptide declined to values corresponding to 12-33% of the C-peptide levels before diabetes induction. Insulin was needed to maintain blood glucose <11 mmol/l and to prevent ketosis. Any residual endogenous C-peptide did not respond to physiological stimuli, as shown by the results of the dynamic tests and by the absence of correlation between endogenous C-peptide and blood glucose levels at the times of sampling. Furthermore, while attempting to maintain blood glucose <11 mmol/l in diabetic monkeys, no correlation was found between endogenous C-peptide levels and the mean daily requirement of exogenous insulin per kg of body weight (data not shown).
Metabolic parameters in diabetic monkeys following porcine islet transplantation Following porcine islet transplantation, five monkeys (monkeys 2, 7, 8, 9 and 10) improved their metabolic control of glucose (Tables 2 and 3 ). This was defined as a mean blood glucose level of <8.9 mmol/l accompanied by a reduction in the requirement for exogenous insulin therapy (≤0.50 IU kg
). In two of the five monkeys (monkeys 8 and 10), insulin therapy was unnecessary for 34 and 16 days, respectively. On average, porcine Cpeptide during the follow-up period after islet transplantation (8-120 days) in these five monkeys was >0.20 nmol/l. Figure 3a shows the porcine C-peptide levels in monkeys with improved metabolic control compared with those that did not experience any improvement. The porcine Cpeptide values were mainly above the established threshold of 0.20 nmol/l. Similarly, the daily insulin requirement in monkeys that had a mean porcine C-peptide level >0.20 nmol/l was below the threshold of 0.50 IU kg −1 day −1 (Fig. 3b) . In the monkeys that experienced an improvement in metabolic control, the exogenous insulin requirement was reduced to less than half of that necessary before islet transplantation (Tables 2 and 3 ). In contrast, the insulin requirement remained stable or increased in those that did not show improved metabolic control (1.2-to 5.2-fold increase compared with before transplantation). Any increase in requirement may have been associated with the stress induced by the surgical procedure and the immunosuppressive therapy. Monkey 1, with only a partial improvement in metabolic parameters (mean blood glucose 10.9 mmol/l, mean porcine C-peptide 0.18 nmol/l) had a reduction in mean insulin requirement to 52% of the pretransplantation requirement (1.38 IU kg
The monkeys with improved metabolic control also demonstrated more stable glucose values, as indicated by a lower frequency of blood glucose levels >11 mmol/l (23-63% before islet transplantation, 0-21% after transplantation).
Achievement of better metabolic control after islet transplantation appeared to be mainly influenced by the islet mass infused, and it seemed to be independent of donor characteristics (Table 3) or of residual endogenous Cpeptide, the level of which did not correlate with the reduction in insulin requirement or with insulin independence until the porcine graft was functional.
The negative response of primate C-peptide to metabolic challenges, with a fall after the stimulus, as seen in diabetic monkeys (Fig. 2) , also suggests that the residual islet mass was not able to contribute to the metabolic improvement. This was shown by the analysis of the IVGTTs performed after transplantation in four of the monkeys with a (Fig. 4) .
Discussion
During the last 6 years, clinical trials of allotransplantation of pancreatic islets from deceased donors have supplied sufficient insulin to abrogate the need for exogenous insulin in patients with type 1 diabetes, at least for a limited period [1] . Even if the control of diabetes was not complete, islet transplantation was able to improve the management of unstable type 1 diabetes [1, 35] .
One of the problems presented by these recent clinical trials is that two to three pancreases are needed to provide an islet mass sufficient to establish normal metabolic control in the majority of patients. Furthermore, following transplantation, a number of mechanisms, only partially understood, contribute to a gradual but eventually complete loss of islet mass [1, 35] . Both of these observations render the availability of deceased organ donors even more insufficient in relation to the number of diabetic patients who might benefit from this therapy. Besides the attention being devoted to the search for strategies to reduce human islet cell loss after transplantation, thus prolonging their function, it would be beneficial to be able to transplant animal islets, as these would provide a virtually unlimited source for clinical needs.
Pigs have been considered as possible sources of islets for transplantation because of the similarity between human and porcine insulin, the number of available islets per animal, and ethical acceptability [36, 37] .
Preclinical studies are necessary to test the ability of pig islets to work in vivo in a recipient of a species similar to humans. In this regard, recent data indicate that wild-type neonatal or adult pig islets can survive for weeks in monkey recipients [2, 3] . One of these studies [3] , as well as our own studies [4, 16] , were performed in cynomolgus monkeys. These Old World monkeys represent a good model for islet transplantation studies [3, 7, 36] . They can be rendered diabetic by the administration of streptozotocin [7, 16, 38, 39] or by total pancreatectomy [2, 40] , and prior to islet transplantation the induced diabetes can be controlled by insulin injections for long periods of time.
The pig-to-monkey transplantation model presents immunological incompatibilities and it therefore remains a good model to study the immunological aspects of islet xenotransplantation. On the other hand, relevant metabolic differences between the two animal species may have an impact on the outcome of islet transplantation, not only in this model but also, more importantly, in clinical applications of the future. This appears to be particularly important when parameters such as blood glucose levels, C-peptide levels and insulin levels are used to monitor the xenograft function.
In the present study we investigated differences in metabolism relating to glucose homeostasis in monkeys and pigs and in the pig-to-monkey islet transplantation setting. The purpose was to identify metabolic parameters that can aid in monitoring and evaluating the success of islet xenotransplantation, and thus aid in translating this model into clinical practice. The data we present clearly demonstrate differences in metabolic parameters between cynomolgus monkeys and pigs. Monkeys are characterised by high circulating C-peptide and insulin levels and by low glucose levels, observations that concur with those reported previously by others [5] [6] [7] [8] . On the other hand, pigs exhibit low C-peptide and insulin levels and higher blood glucose levels [9, 10] . Although both species responded to glucose and food stimulation, differences in insulin output and glucose homeostasis were also noted. The relatively poor response of pig islets to glucose is well known in vitro, where, however, it does not seem to be due to alterations in glucose sensing or metabolism [11] . The molecular differences in porcine and monkey C-peptide and insulin are not substantial, but these differences may interfere in their kinetics and in vivo activity. Human and porcine insulins, however, have demonstrated equivalent therapeutic activity [41] . to maintain a mean blood glucose concentration of 14.7± 1.0 mmol/l n=4). In this respect, human requirements are between those of pigs and monkeys. This may be of importance in respect to the eventual transfer of pig islet transplantation into clinical practice, since human insulin demands are lower than those of the monkeys [42] . Sustained normoglycaemia in the monkey is associated with endogenous C-peptide levels ranging from 0.47 to 3.14 nmol/l; in pigs the range is between 0.11 and 0.32 nmol/l. In the pig-to-monkey islet transplantations, monkeys with porcine C-peptide levels within the normal range for nondiabetic pigs but below normal for monkeys showed an improvement in gluco-metabolism, with insulin independence seen in some cases. Nevertheless, beta cell function associated with higher porcine C-peptide levels should be expected to stably normalise a diabetic monkey. Based on the metabolic performance of porcine islet grafts in our monkey recipients, we estimate that porcine C-peptide levels of at least 0.47 nmol/l should be reached to achieve protracted normalisation. Again, since the normal C-peptide range in a nondiabetic human is lower than that in a monkey, the metabolic demand on pig islet grafts should be lower in a clinical application. The improved metabolic control obtained in monkey recipients following pig islet transplantation was associated with relatively low levels of porcine C-peptide. In particular, we found that a concentration of porcine C-peptide of 0.20 nmol/l provided a threshold for significant improvement. Thus, low levels may be sufficient to prevent chronic complications, as also observed in diabetic patients with residual C-peptide production or in partially functioning islet transplants [1, [43] [44] [45] . The data suggest that the level of graft function (evaluated by the measurement of C-peptide levels) necessary to normalise blood glucose in the recipient is determined by the recipient levels rather than by the donor levels. Considering the metabolic target of humans and the performance of pig islets in primates, whose metabolic demand is higher than that of pigs and, more importantly, higher than that of humans, we can conclude that a good metabolic outcome could be reached in humans.
Islet xenotransplantation is still in an experimental phase and requires further exploration. Observations from preclinical models suggest that, in addition to immunological aspects linked to species differences, metabolic differences between donor and recipient species are important matters for further investigation and may be key to the success of islet xenotransplantation. An in-depth study of this will aid our understanding of the dynamics of insulin-producing islet cells and may facilitate the translation of islet xenotransplantation into clinical trials.
